n living systems, a myriad of biomolecules such as proteins, lipids, DNA and RNA spontaneously form distinct supramolecular assemblies through noncovalent interactions 1 . These assemblies are diverse and orthogonal, and their formation and collapse are precisely regulated, which is crucial for the multifunctionality and autonomy of living cells. Fibrous supramolecular assemblies of cells (for example, actin filaments and microtubules) respond to various chemical and physical stimuli (for example, pH, mechanical stress and biomolecules), and dynamic structural changes are closely involved in the mechanical support of live cells, their metamorphosis, and migration 2 . Given such sophisticated natural systems, the controlled hybridization of multiple supramolecular assemblies bearing orthogonal functionality is expected to produce novel artificial soft materials [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Self-sorting events and orthogonal assemblies of synthetic molecules are among the key factors for the construction of ordered systems made of multiple supramolecular structures. A pioneering work reported the demonstration of hybrid supramolecular hydrogels by orthogonally encapsulating vesicles that contained enzymes 20 . A self-sorting double network (SDN) was also prepared by applying a gradual change in the pH 21 . The authors subsequently developed SDN hydrogels that can be spatially resolved using ultraviolet light 22 . A phototuneable SDN hydrogel containing a photo acid generator has also been reported 23 . Additionally, catalytically incompatible groups can be incorporated into self-sorting nanofibres to achieve multistep reactions that would not be possible in solution 24 . Self-sorting n-type and p-type supramolecular nanofibres can be assembled for new electrical properties 25, 26 . The preparation of supramolecular assemblies/polymer hybrid materials has also been reported 27 . However, the development of hybrid systems composed of supramolecules responsive to multiple (and orthogonal) stimuli still remains challenging. Such adaptive supramolecular materials exhibiting multiple and unique responses to chemical/biological stimuli could open up the next generation of smart materials for a variety of applications. Their design strategy has not yet been well explored, unlike materials that rely on co-assembly.
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Herein, we discovered a new self-sorting gelator pair and a supramolecular hydrogel comprising a stimulus-responsive double network (Fig. 1a) . Two supramolecular nanofibres that form the SDN hydrogel responded orthogonally to different stimuli (Na 2 S 2 O 4 and bacterial alkaline phosphatase (BAP)) and the SDN hydrogel showed a bidirectional change in the macroscopic rheological properties. Due to the self-sorting of the two nanofibres, each property could be imparted without interference on mixing. Unprecedented bidirectional rheological changes led to a unique application in the bidirectionally tuneable release of proteins encapsulated in the SDN hydrogel. Furthermore, the SDN hydrogels exhibited the unique adaptive feature of stimulus-order recognition, which was expressed by the macroscopic gel-sol transition.
Exploration and evaluation of SDN
We recently reported that two distinct supramolecular fibres -BPmoc-F 3 28 and Phos-cycC 6 
29
-are self-sorting (Fig. 1b,  Supplementary Fig. 1 ), which could be clearly visualised in situ using confocal laser scanning microscopy (CLSM) 30 . Our previous study suggested that orthogonal interaction modes between two components may be one of the strategies for self-sorting; various factors such as formation (kinetic) processes are significant in this event 14, 21 . In our cases, the large difference in the interaction modes between peptide-type BPmoc-F 3 (mainly governed by π -interactions and hydrogen bonding) and lipid-type Phos-cycC 6 (through van der Waals interactions and hydrogen bonding) showed a preference for self-sorting rather than co-assembly 30, 31 . On the basis of this assumption, we sought to explore a new self-sorting supramolecular fibre pair based on the combination of peptide-type and lipidtype hydrogelators, and found that NPmoc-FF derivatives 32, 33 -in which the N-terminal group is replaced with a nitrobenzyl from the boronobenzyl of BPmoc-F 3 -can be self-sorted with Phos-cycC 6 .
An adaptive supramolecular hydrogel comprising self-sorting double nanofibre networks
Orthogonality in the two-component hydrogel comprising NPmoc-FF or NPmoc-F(4-F)F and Phos-cycC 6 was initially confirmed by circular dichroism (CD) spectroscopy. NPmoc-F(4-F)F and Phos-cycC 6 in a single-component system display a different pattern in the assembly-enhanced CD spectra in an aqueous buffer (100 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 8.0) (Fig. 2a,b) . NPmoc-F(4-F)F, in particular, showed characteristic negative Cotton peaks (273 nm), which were derived from the self-assembled β-sheet-like structure (Fig. 2a,  Supplementary Fig. 2 ). An assembly-enhanced broad peak was also detected at approximately 265 nm (negative Cotton effect) in a viscous solution of Phos-cycC 6 (Fig. 2b, Supplementary Fig. 2 ), which suggested that assemblies were formed even below the critical gelation concentration (CGC). The CD spectrum of a mixture of two components generating self-sorting supramolecular nanofibres should be a simple sum of each component (theoretical CD spectrum). As expected, the experimental CD agreed with the theoretical CD spectrum (Fig. 2c) . The self-sorting structures were retained throughout the use of varied mixture ratios or concentrations ( Supplementary Fig. 3) . Similarly, the experimental CD spectrum of the NPmoc-FF and Phos-cycC 6 mixture corresponded to the sum of the two contributing CD spectra ( Supplementary Fig. 4 ).
Self-sorting of nanofibres in the hydrogels was further confirmed by in situ imaging using CLSM 30, 34 . To selectively stain NPmoc-FF or NPmoc-F(4-F)F fibres, we designed and synthesised a fluorescent probe (NP-Alexa647) bearing the NPmoc-FF moiety as the hydrophobic core and anionic Alexa647 dye in the hydrophilic part (Fig. 1b) . To image Phos-cycC 6 fibres, NBD-cycC 6 containing a core similar to Phos-cycC 6 was employed (Fig. 1b) . We then checked the staining selectivities of the two probes for the corresponding fibres. As shown in Fig. 2d and e, NP-Alexa647 stained NPmoc-F(4-F)F fibres but not Phos-cycC 6 fibres, whereas NBD-cycC 6 stained Phos-cycC 6 fibres but not NPmoc-F(4-F)F fibres. With these selective probes, we subsequently sought to visualise the two selfsorting fibres containing NPmoc-F(4-F)F and Phos-cycC 6 in the mixed hydrogel ( Supplementary Fig. 8 ). The four componentsNPmoc-F(4-F)F, NP-Alexa647, Phos-cycC 6 , and NBD-cycC 6 were mixed and the suspension was heated to form a homogeneous solution, followed by cooling to room temperature to form the gel. The resultant hydrogel was observed using CLSM. Images through the channels for Alexa647 and NBD showed fibrous structures, but their spatial distributions were visibly different. We quantitatively evaluated the self-sorting degree via Pearson's correlation coefficient (r), which is used to measure the strength of a linear association between two variables 35 . The Pearson's correlation coefficients of the merged images were in the range 0.20-0.30, indicating negligible correlation between the two original images ( Supplementary Fig. 8 ). In addition, the super-resolution CLSM images with an Airyscan unit (Fig. 2f, Supplementary Fig. 9 ) clearly showed distinct fibres in the SDN hydrogel (Pearson's correlation coefficients: -0.25-0.30). The data showed that almost all NPmoc-F(4-F)F and Phos-cycC 6 were self-sorted and orthogonally assembled into two distinct supramolecular nanofibres, thereby forming an SDN hydrogel. Fibres of NPmoc-FF were too thin to be observed clearly, as shown in Supplementary Fig. 10 ; moreover, the CLSM image of the mixture (NPmoc-FF/PhoscycC 6 /NP-Alexa647/NBD-cycC 6 ) also did not clearly confirm self-sorting structures ( Supplementary Fig. 10 ). Therefore, we could not clearly observe the self-sorting of NPmoc-FF and Phos-cycC 6 , and decided to use NPmoc-F(4-F)F.
Stimulus-responses of single networks
Prior to exploring the functions of the hydrogel containing the twocomponent self-sorting supramolecular nanofibres, we evaluated the response properties of each single component, that is, NPmoc-F(4-F)F hydrogel and Phos-cycC 6 viscous liquid. As reported previously 32 , the NPmoc moiety was reductively eliminated, causing the gel-sol transition of the NPmoc-F(4-F)F hydrogel in response to appropriate reducing reagents such as Na 2 S 2 O 4 ( Fig. 3a) . As shown in Fig. 3b , the NPmoc-F(4-F)F hydrogel rapidly changed to sol upon addition of Na 2 S 2 O 4 . The HPLC analysis showed that > 99% NPmoc-F(4-F)F was decomposed by Na 2 S 2 O 4 within 10 min (Fig. 3c, Supplementary Fig. 11) ; the CD spectrum of the resultant sol did not show a Cotton peak at approximately 273 nm, which was originally detected as a result of the β-sheet-like structure of the NPmoc-F(4-F)F nanofibres (Fig. 3d) . It was clear that NPmoc-F(4-F)F nanofibres were destroyed by the chemical reaction with Na 2 S 2 O 4 , similar to the case of the NPmoc-FF fibres.
We also explored the stimulus-responsiveness of single-component Phos-cycC 6 fibres by treating them with bacterial alkaline phosphatase (BAP), an enzyme that hydrolyses organophosphates (Fig. 3e) . BAP had a clear effect on Phos-cycC 6 fibres, as demonstrated by the gradual change of the viscous solution of Phos-cycC 6 (0.15 wt%: below the CGC (0.30 wt%)) to a transparent gel 2 h after the addition of BAP (Fig. 3f) . The macroscopic sol-gel change observed by the naked eye was consistent with the rheological measurements ( Fig. 3g, Supplementary Fig. 14) . The storage modulus (G´) of the Phos-cycC 6 viscous liquid was already larger than the loss modulus (G˝) before BAP addition, indicating the existence of loosely linked fibres suggested by the CD spectra (Fig. 2b ). The addition of BAP continuously increased the G´ value for 3 h, whereas the G˝ value remained almost constant, resulting in a greater G´ (244 Pa) relative to G˝ (16 Pa) (tan δ: 0.07). Gelation was attributed to the BAP-catalysed hydrolysis of Phos-cycC 6 to produce hydrophobic HO-cycC 6 ( Fig. 3e) , which is insoluble in the aqueous buffer solution. HPLC product analysis indicated partial conversion of Phos-cycC 6 to HO-cycC 6 ( Fig. 3h , Supplementary  Fig. 12 ), whereby the Phos-cycC 6 fraction gradually decreased with the concurrent increase of HO-cycC 6 . Interestingly, gelation took place when approximately 50% of Phos-cycC 6 was hydrolysed ( Supplementary Fig. 13 ).
To examine the detailed mechanism of the BAP-induced gelation of Phos-cycC 6 , we carefully observed changes to the PhoscycC 6 fibre network using CLSM in situ (Supplementary Fig. 15 ). Many fibres were observed even in the viscous liquid state (before BAP addition), which was in agreement with the data from the rheological experiments and CD spectroscopy. The morphology and density of these fibres did not change substantially after the addition of BAP. However, we found that the fibre fluidity, which was monitored by the fluorescent recovery after photobleaching (FRAP) technique [36] [37] [38] , was greatly altered by the BAP treatment ( Supplementary Fig. 16 ). Before the addition of BAP, the bleached fluorescence recovered sufficiently (recovery ratio: 92.1 ± 4.7%) within 3 min, indicating that the Phos-cycC 6 fibres were fluidic (diffusion coefficient (D): 1.9 ± 0.4 × 10 −3 µ m 2 s -1 ). In contrast, the fibres treated with BAP showed negligible fluorescence recovery (recovery ratio: 3.3 ± 3.3 %), suggesting the presence of less fluidic solid-like fibres. This remarkable difference may be ascribed to surface modification and/or rearrangement of intermolecular hydrogen bonding of the supramolecular fibres by BAP. Additional CD experiments also showed the impact of BAP treatment on the fibres. The assembly-enhanced CD spectrum was observed before the BAP addition. and it remained almost intact, with a slight shift of the Cotton peak from 265 to 272 nm (Fig. 3i) . This strongly suggested that the molecular packing/orientation of the original PhoscycC 6 fibre was modulated by the BAP-catalysed partial hydrolysis. Detailed experiments (Supplementary Figs. 17-20) suggested that enzymatic modification of supramolecular assemblies may be = 10:1 (V, volume), 25 °C, 10 min. e, Chemical reaction between Phos-cycC 6 and BAP. f, Optical photos of Phos-cycC 6 solution after addition of BAP. g, Time-course of the rheological properties of the Phos-cycC 6 solution after addition of BAP (0-180 min). h, HPLC charts of Phos-cycC 6 solution or gel after addition of BAP (3 h). i, CD spectra of Phos-cycC 6 plausible in this case, where the partial conversion of Phos-cycC 6 to HO-cycC 6 by BAP occurred at the supramolecular fibres' surfaces and/or ends.
To investigate changes in the gel network more precisely, we used nanobeads with various diameters (70-800 nm) embedded in the network. The movement of nanobeads was traced using CLSM, which allowed us to evaluate the size of meshes formed by entangled supramolecular fibres 39, 40 . When the mesh size of the fibrous network was smaller than that of the fluorescent beads, Brownian motion of the beads was restricted and stopped, whereas the beads moved freely when the mesh size was larger than that of the beads. When we mixed the beads with the viscous liquid of Phos-cycC 6 , the fluorescent beads and supramolecular fibres could be distinctly visualized, as shown in Fig. 4a . Supplementary Video 1 shows representative examples using 300 nm beads, in which the free Brownian motion of the beads in the Phos-cycC 6 sol almost stopped 3 h after the addition of BAP. Figure 4b shows two snapshot images of the 300 nm beads in the Phos-cycC 6 matrix with a 5 min interval of CLSM observations. The positions of almost all the beads changed after 5 min without BAP treatment, whereas the positions of the beads did not change after the BAP treatment (Fig. 4b) . These CLSM images indicated that beads 70 nm to 500 nm in diameter moved freely in the viscous liquid of the Phos-cycC 6 fibre network (0.15 wt%) whereas the 800 nm beads did not move. Therefore, the mesh size of the Phos-cycC 6 viscous liquid was between 500 and 800 nm (Fig. 4c) . In contrast, only 70 nm beads moved freely, and beads larger than 200 nm in diameter almost stopped moving after BAP treatment. Figure 4c shows that the bead size critical for turning the Brownian motion on and off shifted from 500-800 to 200-300 nm after the addition of BAP, which implied that the mesh size became smaller. These results consistently demonstrated that a dense cross-linked fibre network was obtained by BAP treatment, which facilitated gelation of the viscous liquid of Phos-cycC 6 .
Bidirectional control of the SDN hydrogel properties
If the two gelators are co-assembled upon mixing, the original properties of these fibres may interfere, possibly resulting in hybrid fibres showing properties different from the sum of the original ones. In contrast, it is reasonable to expect the programmable construction of a hybrid hydrogel that retains distinct stimulus-responsiveness upon mixing of two fibres if these are orthogonally self-sorted (a possible scenario shown in Fig. 5a ).
According to this scenario, we prepared a mixed-hydrogel comprising NPmoc-F(4-F)F and Phos-cycC 6 and monitored the stimulus responses. The two-component SDN hydrogel changed to a viscous liquid within 10 min after the addition of Na 2 S 2 O 4 , whereas the addition of BAP toughened the hydrogel (Fig. 5b) . As shown in Fig. 5c , the rheological data quantitatively supported the behaviours observed by the naked eye. The G´ and G˝ values of the SDN hydrogel were respectively 187 and 60 Pa, without stimuli, which increased to 1450 and 336 Pa (7.8-fold for G´, 5.6-fold for G˝), respectively, after BAP treatment. The reinforcement may have been caused by an increase in the number of cross-linking points and/or pseudo-cross-linking points between fibres in the SDN hydrogel 41 . In sharp contrast, these values decreased almost 100-fold to 2 Pa for G´ and 1 Pa for G˝ after the addition of Na 2 S 2 O 4 . Complete rheological characterizations of the SDN hydrogels are shown in Supplementary Figs. 21-25 . SDN hydrogels with different ratios (NPmoc-F(4-F)F: 0.4 wt%, Phos-cycC 6 : 0.4 wt%) also showed the same bidirectional control of rheological properties (Supplementary Fig. 26 ). These data clearly demonstrated that the present two-component hydrogel prepared by simple mixing exhibited a bidirectional rheological response depending on the applied stimulus. The HPLC analysis of this SDN hydrogel confirmed that NPmoc-F(4-F)F reacted with Na 2 S 2 O 4 , whereas it was unaffected by the BAP treatment (the residual ratio was > 95%) (Fig. 5d, Supplementary Fig. 27 ). These were in agreement with the results of the CD spectral changes (Supplementary Fig. 28 ). Conversely, Phos-cycC 6 remained intact after treatment with Na 2 S 2 O 4 and was able to react with BAP (Fig. 5d, Supplementary Fig. 27 ). The CD spectral data agreed with the theoretical sum of the BAP-treated single-component Phos-cycC 6 and NPmoc-F(4-F)F ( Supplementary  Fig. 28 ). Moreover, CLSM images of the resultant hydrogels clearly showed orthogonal fibrous structures (Supplementary Fig. 29 ). This strongly suggested that the original self-sorting fibres retained their orthogonality even after BAP treatment.
On the basis of this unique rheological property, we subsequently applied this SDN hydrogel as a matrix for controlled protein release. After a protein (immunoglobulin G (IgG), myoglobin (Mb), or concanavalin A (ConA)) was encapsulated in the SDN hydrogel, a stimulus (Na 2 S 2 O 4 , BAP, or none) was applied to the gel matrix, and proteins release was evaluated using SDS-PAGE of the supernatant solution. As shown in Fig. 5e and Supplementary Fig. 30 , 40 ± 12% of the embedded IgG was slowly released over 10 h without stimulus. Interestingly, IgG release was enhanced by Na 2 S 2 O 4 addition (87 ± 19%), but suppressed by BAP addition (14 ± 2%). Bidirectionally tuned release profiles are also shown for other proteins (Mb and ConA, Fig. 5e and Supplementary Figs. 31 and 32 ).
Stimulus order recognition of the SDN hydrogel
We further demonstrated that the bidirectional rheological properties of this SDN hydrogel can produce unprecedented gel-sol transition behaviour depending on the order in which the two stimuli were (for b,c,d ) and 0.005 U/µ l (for e) in 100 mM HEPES buffer (pH 8.0). V gel /V stimulus = 10:1, 25 °C. In e, the protein stock solutions (0.5 mg/ml IgG, 1.0 mg/ml ConA, 0.5 mg/ml myoglobin, 10 µ l) were added to SDN hydrogels (200 µ l).
applied in a stepwise manner (Fig. 6a) . In these experiments, we applied two stimuli (Na 2 S 2 O 4 and BAP) to the SDN hydrogel in the two different sequences (first Na 2 S 2 O 4 /second BAP (route A) or first BAP/second Na 2 S 2 O 4 (route B)) and observed the macroscopic changes. As shown in Fig. 6b , the SDN hydrogel changed to a viscous liquid when Na 2 S 2 O 4 was added first, and the resultant viscous liquid recovered to a hydrogel after subsequent BAP treatment. When the input order was reversed (route B), the hydrogel state remained after each step, without appearance of the sol state (Fig. 6c) . The SDN hydrogel exhibited two distinct response patterns, the gelsol-gel for route A and the gel-gel-gel for route B, depending on the order in which the stimuli were applied. This stimulus-order-dependent gel-sol change allowed us to encapsulate fluorescent nanobeads under particular conditions. Nanobeads dispersed in aqueous solution were poured on the surface of SDN hydrogels, followed by the addition of Na 2 S 2 O 4 . After 30 min, the gel was destroyed owing to decomposition of the NPmoc-F(4-F)F fibre network, and, thus, the beads got immersed in the resultant viscous liquid. The subsequent addition of BAP converted the viscous liquid to a hydrogel again; the nanobeads were encapsulated within the gel matrix (Fig. 6d,  upper) . Conversely, in route B, the gel did not change during any of the stages; therefore, the nanobeads could not be encapsulated (Fig. 6d, bottom) . Even though the same two stimuli were applied overall, the fluorescent SDN hydrogel encapsulated nanobeads only by the operation of the first Na 2 S 2 O 4 /second BAP stimuli. Therefore, it was concluded that our SDN hydrogel was an adaptive soft-material capable of recognizing the order of input stimuli 28, 29 . This unique macroscopic gel-sol transition was carefully investigated by HPLC analysis, CD spectroscopy and CLSM observation of the Brownian motion of nanobeads. Time-dependent product analyses by HPLC quantitatively showed that the two gelators underwent distinct chemical conversion in each step of the two different routes (Supplementary Fig. 33 ), which corresponded well with the destruction and entanglement of self-sorting supramolecular nanofibres. The CD spectra of SDN hydrogels after the addition of stimuli in different orders were almost identical, which indicated that the final structure was identical irrespective of the stimulus order (Supplementary Fig. 34 ). We also used CLSM to trace the Brownian motion of the 300 nm (diameter) fluorescent beads embedded in the SDN gel matrix (Fig. 6e ,f, Supplementary Videos 2-5). Without stimuli, almost none of the beads moved. In route A, they started to move randomly after the addition of Na 2 S 2 O 4 ( Fig. 6e, Supplementary Video 2) , clearly indicating that the mesh size increased to above 300 nm. Subsequent BAP treatment caused the suppression (almost stoppage) of Brownian motion of the beads, implying that the mesh size reduced to below 300 nm again (Fig. 6e,  Supplementary Video 3) . In route B, all of the fluorescent beads were always stationary, indicating that the mesh size was smaller than 300 nm during all three steps (Fig. 6f, Supplementary Videos 4,5) . These results revealed that the mesh size was modulated by the sequence in which stimuli were applied.
Conclusions
We have shown a self-sorting supramolecular nanofibre pair, prepared on the basis of the different driving forces for self-assembly of each component. The distinct nanofibres allowed preparation of a rationally designed self-sorting hydrogel with bidirectional rheological and protein release profile changes in response to two orthogonal stimuli. Moreover, the hydrogel exhibited an adaptive gel-sol response by discriminating the order of the stimuli applied. Our hydrogel can be programmed with a desired function, highlighting the utility of self-sorting systems for the bottom-up design of multicomponent intelligent soft materials for a variety of applications, including therapy, diagnosis, drug delivery, and regenerative medicine.
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